Previous reports have described several associations of PR, QRS, QT and heart rate with genomic variations by genome-wide association studies (GWASs). In the present study, we examined the association of ~2.5 million SNPs from 2,994 Japanese healthy volunteers obtained from the JPDSC database with electrocardiographic parameters. We confirmed associations of PR interval, QRS duration, ). Cell-type specific SLC8A1 knockout mice have demonstrated a regulatory role of sodium-calcium exchanger in automaticity and conduction in sinoatrial node, atrium, and atrioventricular node. Our findings support a functional role of sodium-calcium exchanger in human atrial and atrioventricular nodal conduction as suggested by genetically-modified mouse models.
Introduction
The electrocardiographic (ECG) parameters, PR interval, QRS duration, and QT interval, can be regarded as quantitative individual traits that are affected by both environmental and genetic factors and that vary considerably even among healthy subjects. For example, QT interval is inherently longer in women than in men and is inversely correlated with heart rate. Thus, QT interval is usually corrected against the heart rate to allow interpretation independent of heart rate variability (Corrected QT; QTc).
Indeed, each ECG parameter reflects a specific cardiac function. In brief, PR interval corresponds to the sum of atrial and atrioventricular nodal conduction, the disturbance of which is related to a higher incidence of atrial fibrillation (1) (2) (3) and associated with a potent risk for pacemaker implantation (2), heart failure, stroke, and all-cause mortality (4) . The width of the QRS complex reflects ventricular depolarization and conduction time, and longer QRS duration is a predictor of mortality, sudden death, and incident heart failure (5) (6) (7). The QT interval has long been useful as a clinical index of the duration of ventricular repolarization, and prolongation of QT interval confers an increased risk of sudden cardiac death (8) (9).
ECG phenotypes have substantial heritable components and the search for common genetic variants influencing these quantitative ECG traits is clinically important. Recent genome-wide association studies (GWAS) have identified genetic determinants of PR interval (10) (11) (12), QRS duration (13) (14), and QT interval (15) (16) (17) in individuals of various ancestries. However, few studies have examined genetic factors associated with ECG parameters in East Asian populations including Japanese. The present Downloaded from https://academic.oup.com/hmg/article-abstract/23/24/6668/608549 by guest on 11 January 2019 study analyzed genome-wide data obtained from 3,041 healthy Japanese volunteers in a Japan Pharmacogenomics Data Science Consortium (JPDSC) project to examine whether we could replicate previously described genetic associations with the three ECG parameters. Any associated SNPs in previously unrecognized loci were also tested for associations in a Korean population.
Results

Clinical and electrocardiographic characteristics of JPDSC data
The phase 1 JPDSC dataset obtained from a total of 1,032 Japanese healthy volunteers (619 males and 413 females) and the phase 2 JPDSC dataset obtained from a total of 2,009 Japanese healthy volunteers (1,002 males and 1,007 females) were used for the present analysis. The mean, median, minimum, and maximum of several clinical parameters (age, BMI, heart rate, systolic and diastolic blood pressure, serum potassium, and serum calcium) and ECG parameters [PR = PR interval (msec), QRS = the width of the QRS complex (msec), QT = QT interval (msec)], are shown in Supplementary Table 1 .
Clinical factors accounting for individual variation in ECG parameters
We used multiple linear regression analysis to estimate clinical factors accounting for individual variation in ECG parameters, after removing outliers defined as values either higher or lower than 4*SD from the mean (Supplementary Figure, Supplementary Table 2 ). We performed preliminary analysis to test whether gender, age, log-transformed (log) BMI, log HR, systolic pressure, diastolic pressure, serum Downloaded from https://academic.oup.com/hmg/article-abstract/23/24/6668/608549 by guest on 11 January 2019 potassium, serum calcium, and geographic region in Japan should be included as covariates. Based on these results, we used gender, age, log HR, and log BMI as covariates for log-transformed (log) PR, gender, age, log HR and systolic pressure as covariates for log QRS, and gender, age, and log (60/HR) as covariates for log QT. We did not include serum potassium or serum calcium as covariates since contribution rates of these variables to each ECG parameter were low. The results of our GWAS on ECG parameters are summarized in Figure. 
Replication of previous associations
We examined whether previously described SNPs associated with QT interval, PR interval, or QRS duration are also associated in individuals of Japanese ancestry (Table 1) , as described in the following text.
QT interval:
We attempted to examine 20 SNPs reported to be associated with QT interval ( and KCNJ2. (Table 1) . When the SNPs reported in the previous studies were included in our platform, we used those SNPs; however, SNPs that were in tight linkage disequilibrium with the reported SNPs were used otherwise. Among the 20 SNPs examined, associations with QT interval were replicated in our data for 6 SNPs. Among them, the replications were performed with the same SNPs as in the previous reports in two SNPs; i.e rs12143842 (NOS1AP) and rs11970286 (PLN) while proxy SNPs that were in tight linkage equilibrium were used for the other 4 SNPs; i.e. rs4952632 (SLC8A1), rs72967533 (SLC35F1, C6orf204, PLN), rs7939542 (KCNQ1) and rs9926577 (NDRG4) ( Table 1 ). Consistent with previous GWAS studies, the strongest main association signal maps to the NOS1AP locus, and there were 12 SNPs in this area with genome-wide significant associations (P < 5 X 10 The rs10919071 [A] in ATP1B1, the index SNP in the QTSCD study (15), was not included in our Illumina Chip. We searched for proxy SNPs that were in tight linkage disequilibrium and found rs7540067 (Table 1) . However, in our data, P value for this SNP was only 0.136. Another SNP rs1320976 that was reported to be associated with QT interval in a previous study was present in our data but P value in our data was only 0.516 (Table 1) . Instead, the SNP in ATP1B1 that showed the lowest P value in our study was rs11809180[G] (MAF = 0.335, P = 9.720 X 10 -7
), which is in low LD with rs.10919071 (r 2 = 0.176 in the 1000 Genome JPT). The rs12296050 [T] in KCNQ1, the index SNP for the QTSCD study (15), was not included in the Illumina Chip, but a proxy SNP rs7939542 showed a significant association with QT ).
PR interval:
We attempted to examine 19 SNPs reported to be associated with PR ( Among the 19 SNPs examined, associations with PR were replicated in our data for 5 SNPs. Among them, the replications were performed with the same SNPs as in the previous reports in 4 SNPs; i.e. rs3807989
(CAV1), rs6801957 (SCN10A), rs6800541 (SCN10A) and rs6795970 (SCN10A), while proxy SNPs that were in tight linkage equilibrium were used for one SNP; i.e. rs7801180 (CAV1) ( Table 1 ).
QRS duration:
We attempted to examine 6 SNPs reported to be associated with QRS (Table 1) . Four of the 6 SNPs were in our platform while the other 2 were not, and the associations of the latters were examined by proxy SNPs (Table 1) . We identified significant associations for none of the 6 SNPs with QRS duration (Table 1) although MAFs of the SNPs were not very low in JPDSC data (0.13 -0.489).
Possible novel loci associated with QT interval, PR interval, and QRS duration
Using a prespecified P value threshold of 1 X 10 -5
, we searched for novel genetic loci harboring significant SNPs associated with QT interval, PR interval, and QRS duration in Japanese. We selected 7 SNPs at 4 loci (one each associated with QT interval and QRS duration, and 2 with PR interval) based on a quality assessment survey of SNP genotyping and clarity of cluster ( Table 2 ). Among 7 SNPs surpassing a pre-specified threshold of 1 X 10 -5 for Japanese datasets, 6 SNPs at 3 loci (1 with QRS duration, 2 with PR interval) were replicated in a Korean dataset (n = 6,805 people of Korean ancestry), i.e., SLC8A1 and DCP1A|CACNA1D were associated with PR interval, and KLHL38 was associated with QRS duration (Table 2) .
Meta-analysis of Japanese dataset and Korean dataset for possible novel associations
To obtain P values based on the results from our Japanese data and those from the Korean data, we performed a meta-analysis by the inverse variance method ( Table 2) . We observed a highly significant association of SNP rs4952632 in SLC8A1|LOC400950 with a 2.325-msec (95% CI, 1.693-2.957 msec)
longer PR interval per minor allele copy (P = 5.598 X 10 -13
). This SNP was submitted to the eQTL analysis using the data from lymphoblastoid cell lines from HapMap JPT samples, but the results were negative (P = 0.139, rs4952632, probe ID = ILMN_1699520_SLC8A1).
The results of meta-analysis of the other possible loci did not reach prespecified genome-wide significance (5 X 10 -8 ) ( Table 2) , and further studies are required to replicate these findings, identify the causal variants at or near these loci, characterize their functional significance, and determine whether they predict cardiovascular events.
Discussion
A genome-wide association approach is an established methodology that enables the identification of genetic loci and variants associated with complex traits and diseases unconstrained by prior knowledge.
However, it is important with such an approach to robustly identify the candidate genes to guide future deep sequencing studies.
In the present study, we examined the association of ~2.5 million SNPs from 2,994 Japanese healthy volunteers obtained from the JPDSC database with electrocardiographic parameters. We identified associations of PR interval, QRS duration, and QT interval in individuals of Japanese ancestry with the SNPs in the same genes as observed among individuals of European (10, 13-16), African (11), and Asian (Indian (12) and Korean (17)) ancestries. These findings support the concept that genetic architecture for myocardial electrophysiological activity appears to be similar among individuals from different populations around the world. Primary signals reported here were not necessarily the same as the index SNPs reported in other populations.
We identified a novel association of SNP rs4952632 [G] in SLC8A1 (P = 7.595 X 10 -6
) with PR interval in Japanese individuals. The meta-analysis using both our and Korean samples gave a P-value lower than the genome-wide threshold( channel-null mice demonstrated sinus bradycardia with prolonged PR interval and were prone to develop atrial fibrillation (24) .
There was a suggestive association of QRS duration with KLHL38, one of 43 Kelch-like (KLHL) family members encoded in the human genome (25) . KLHL proteins contain one BTB/POZ domain, one BACK domain, and five to six Kelch motifs, and are implicated in the ubiquitination process, although the specific roles for KLHL38 have not yet been elucidated.
We identified some loci associated with PR interval, QRS duration, and QT interval in the population of Japanese ancestry. However, we were unable to confirm previously reported associations of these loci with the above phenotypes at the significance level required for genome-wide association studies. These failures may imply that our study was underpowered to detect these loci.
In summary, our results demonstrated that the JPDSC dataset is useful to map previously unrecognized loci to ECG parameters in Japanese and that many of the associations between genes and QT, PR, or QRS are shared worldwide. Written informed consent was obtained from all the subjects, and this study was approved by the ethical committee of JPDSC.
Material and Methods
JPDSC
GWAS
The final number of subjects included in the GWAS was 2,994. Genomic DNAs were genotyped on an Illumina Human Omn 2.5.8 BeadChip, and SNPs used in the GWAS were selected according to the following criteria: SNP call rates (≥ 95%), the Hardy-Weinberg equilibrium test (P ≥ 0.01), and minor allele frequency (≥ 1%). ECG measures were adjusted for independent variables within each phase by the linear regression model. The standardized residuals in each phase were combined and used as quantitative phenotypes for the association analysis, performed with PLINK (version 1. 1. 3). The significance of the association between a trait and genotype was evaluated using Wald test. Genome-wide significance was inferred at P < 5 X 10 -8
. A minimal set of summary results of all SNPs will be sent to researchers on requests.
Replications of previously reported SNPs
Among the SNPs reported to be associated with QT, PR and QRS, the associations with P values lower than 5 x 10 -8 in previous reports were examined. Since GWAS platforms were different between ours and those used in previous reports, some SNPs previously reported to be associated with ECG traits were not present in our data. In those cases, we searched for proxy SNPs with high r 2 values with the reported SNPs.
Using both previously reported SNPs and proxy SNPs with high r 2 values we attempted to replicate the previously reported associations. Since we attempted to replicate 45 different associations, the P-value threshold of 0.05/45 = 0.0011 was used according to Bonferroni's correction. The direction of each association was carefully examined to see whether the direction of the association in the previous report is the same as in the present study. When a proxy SNP rather than the same SNP was used in the replication, it was carefully examined whether the directions of the effects are concordant between the previous study and our study.
Replications of novel SNPs
SNPs with p values under the pre-specified threshold of 1 X 10 -5 were tested for replication using datasets obtained from Korea Association Resource (KARE [n = 6805]) dataset which was a subset of Korean Genome and Epidemiology Study (KoGES) cohort (17). The covariates used for the correction in the replication study included age, sex, systolic and diastolic blood pressure, heart rate, height, weight, and resident area of participants (i.e. Ansan or Ansung city).
Since we attempted to replicate 7 different SNPs, the P-value threshold of 0.05/7 = 0.007 was used according to Bonferroni's correction. The direction of each association was carefully examined to see whether the direction of the association in the previous report is the same as in the present study. Genomic
DNAs were genotyped on Affymetrix 5.0 SNP array. Meta-analysis was performed using inverse variance method.
Statistical analysis
All statistical analyses were performed using R environment (version 2.15.0). 
Legend of Figures
The Manhattan plots and quantile-quantile plots of genome-wide association results from analysis of Japanese datasets are shown. When the reported SNP is present in our platform, the same SNP was genotyped (sa) while a different proxy SNP that is in tight linkage disequilibrium was genotyped.
c r2 value between the original SNP and the proxy SNP. Alleles of the SNP genotyped in our study. The order of the alleles here corresponds to that in the original SNP in column 2. Thus the left-side nucleotide in this column is associated with the left-side nucleotide in e MAF: minor allele frequency of the SNP genotyped in our study.
f Threshold P-value was 0.0011. *significant g Standardized regression coefficient was converted to msec. 
